High-resolution sampling from late Pleistocene (last 400 k.y.) sediments of Site 722 (upper 16 m) and Site 724 (upper 70 m), and subsequent inorganic geochemical analysis, has defined the history of productivity in the northwest Arabian Sea. Eolian dust input from the Arabian Peninsula and Somalia is characterized by the record of Ti/Al and Cr/Al. This dust record displays strong precessional periodicity (cycles at 25 k.y.) suggesting the Southwest Monsoon and associated winds play a key role in transporting terrigenous material from the land. High biological productivity results in the accumulation of biogenic CaCO 3 and opal in the sediments, the latter having an unexpectedly minor contribution to the total mass flux. Due to dilution of the CaCO 3 record by the terrigenous component, the record of biological productivity is best exemplified by Ba. Its record, together with that of other metals recording biological association and redox variability (Cu, Ni, Zn, V, U) clearly identifies the interglacial episodes as being more biologically productive. The striking agreement between Ba and the δ 18 θ record in planktonic foraminifers suggests that the supply of nutrients during these periods of high productivity is linked to ocean-wide changes in ocean fertility, and not just local upwelling conditions. High levels of phosphate accumulation in interglacial sediments is attributed to both diagenetic phosphorite formation and biogenic skeletal debris. This study provides a detailed record of productivity variation in the northwest Arabian Sea during the late Pleistocene.
INTRODUCTION
The northwest Arabian Sea has been long known as an area of active oceanic upwelling, brought about by the seasonal Southwest Monsoon (Sen Gupta et al., 1975; Rao and Jayaraman, 1970; Qasim, 1982; Slater and Kroopnick, 1984) . The intensity of this wind induces Ekman transport of surface waters in the summer months and sustains high levels of biological productivity through nutrient supply from intermediate water depths. Microbial decay of the settling organic matter creates an intense oxygen minimum zone (OMZ) between depths of 200 and 1500 m.
As significant variations in the climate of the Earth have occurred during the late Pleistocene (CLIMAP, 1976) , and the Southwest Monsoon is believed to have been strongly influenced by glacial/interglacial episodes (Prell, 1984a; Prell and Kutzbach, 1987) , it is likely that the sediments underlying the upwelling zone will record the history of the productivity variations driven by the Southwest Monsoon. Previous studies have used "proxy-indicators" such as the distribution of pollen types and the percentage of G. bulloides in sediment cores to elucidate the history of upwelling (Van Campo et al., 1982; Prell, 1984a, b; Prell and Van Campo, 1986 ) with some success. However, inorganic geochemistry as applied to paleoceanography and climate change pioneered in the Pacific (Adelseck and Anderson, 1978; Pedersen, 1983; Lyle et al., 1988; Pedersen et al., 1988; Finney et al., 1988) has not been applied to the northwest Indian Ocean. Surface sediment geochemistry of this area (Kolla et al., 1981; Shankar et al., 1987; Shimmield et al., 1990) has provided a geochemical framework delineating the importance of terrigenous dust inputs together with skeletal CaCO 3 and minor opal accumulation in this area.
In this study we have selected two sites from the Oman Margin and performed a high-resolution study of the inorganic geo-chemistry recorded in the sediments accumulating over the past 400,000 yr. By using simple statistical treatment (principal component analysis) of the data we are able to define four major factors accounting for 80*70-95% of the geochemical variation observed. Interpretation of the depth profiles of key elements, together with spectral analysis (see Weedon and Shimmield, this volume) allows an assessment of the significance of the Southwest Monsoon and changes in global climate in influencing the history of upwelling productivity.
SAMPLING AND METHODS
Two sites were selected for this high-resolution study of the inorganic chemical composition of late Pleistocene sediments. These represent depositional conditions on the Owen Ridge below the present position of the OMZ (Site 722) in 2028 m of water, and within the OMZ on the Oman continental margin (Site 724) in 593 m of water ( Fig. 1) . At both sites only the upper (I) lithologic unit was sampled which was composed of foraminifer-bearing nannofossil ooze (5%-25% foraminifers) at Site 722, and calcareous clayey silt with 5°7o+ foraminifers at Site 724. Over the depth intervals studied here (0-15 mbsf, Hole 722B; 0-68 mbsf, Hole 724C), the sedimentary sequence is essentially homogeneous with respect to mineralogical composition and sedimentary structures. No evidence of slumped horizons, or mass flow deposits are noted (Shipboard Scientific Party, 1989a, b) and the units sampled were undisturbed by gas expansion voids.
On vertical sectioning of the cores, 20 cm 3 plugs were taken at 20 cm intervals from both holes, and sealed in polyethylene bags. On arrival at Edinburgh the samples were stored at 4°C prior to processing. Water contents were measured by weight loss on drying at 60°C. Using an average grain density of 2.6 g cm" 3 (Shipboard Scientific Party, 1989a, b) , dry bulk density values were calculated for use in flux calculations. In addition, sea salt concentrations were estimated assuming a pore water salinity equivalent to normal seawater. All chemical data presented here are corrected for sea salt dilution (and contribution in the case of Mg and Ca).
The bulk sediment samples were ground in a tungsten carbide Tema mill and prepared for X-ray fluorescence spectrome- try (XRF) . This involved the fusion of the sediment powder into a glass disc using lithium tetraborate and La as a heavy absorber (Norrish and Hutton, 1969) for major elements, and pressing the powder into a briquette with boric acid backing for minor elements (Shimmield, 1985) . The XRF analysis was performed on a Phillips PW1250 sequential automatic X-ray spectrometer. International rock standards were used for calibration. The precision and accuracy of the method are given in Table 1 . For U and Th data, α-spectrometry was performed on total dissolution of the sample using isotope dilution. The extremely precise methodology is reflected in the presentation of data to two significant figures (for further details see Shimmield and Mowbray, this volume) .
RESULTS

AND DISCUSSION
The bulk chemical data obtained from the late Pleistocene sediments in Holes 722B and 724C are given in Appendixes A-C. Major element data are presented for both holes. At Site 722 we also present minor element data, providing a detailed geochemical record over the last 365 k.y. Appendix D presents minimum, average, and maximum major element values and trace element values for Holes 722B and minimum, average, and maximum major element value for Hole 724C. Late Pleistocene/Holocene stratigraphy is provided by the δ 18 θ record of planktonic foraminifers, courtesy of Prell et al. (this volume) and Pedersen and Zahn (this volume) for Holes 722B and 724C, respectively (Fig. 2) . Age assignments are based on the correlation of the δ 18 θ curve with the SPECMAP stack (Imbrie et al., 1984) . The age models from these authors were also used to generate linear sedimentation rates from which we calculate mass accumulation rates based on our dry bulk density values.
In the Arabian Sea, the bulk sediment composition is controlled by both lithogenic and biogenic input, with virtually no hydrothermal component (Shankar et al., 1987; Shimmield, et al., 1990) . Consequently, these data are presented as element-toaluminum ratios in order to examine fluctuations in the chemistry of the aluminosilicate component that are not due to variations in the biogenic component.
In order to examine the first-order relationships and controls on the geochemical composition of the Pleistocene sediments, statistical analysis of the complete dataset on both holes has been performed. Table 2 presents the results of inter-element  correlation, while Table 3 indicates the results of principal com- (Imbrie et al., 1984) . In this, and following figures, odd numbered interglacial stages are shaded.
ponent analysis (a data reduction technique for identifying a small set of variables that account for a large proportion of the total variance in the original variables). In Table 3 it is apparent that the first three eigenvalues (i.e., the variance of the principal components) account for 94.6% of the total variance in major element composition for Hole 724B, and 80.4% of the total variance for major, minor, and trace element data in Hole 722B. In Figures 3 and 4 the principal component scores of the compositional data are plotted on the first two, and on the first and third, principal components (cf., Li, 1982) . According to Figures 3 and 4 , the geochemical data broadly define four major phase associations; (1) aluminosilicate detritus (Al, K, Fe, Rb, Th, Ti, Cr, Zr, V), (2) biogenic carbonate (Ca, Sr), (3) organic matter (Ba, Cu, U), and (4) phosphatic material (P, Y, Ce, Nd). The remaining elements (Si, Mn, Cu, Ni, Zn) show relationships with both biogenic and lithogenic sources. We will now describe the distribution of the elements in detail, and account for their association.
Aluminosilicate Detritus Factor
The characteristic element defining this phase group is Al which is principally derived from aluminosilicate clay minerals. These clay minerals may be of terrestrial origin, or from alteration of oceanic basalts and/or hydrothermal exhalations (McMurtry and Yeh, 1981; Bonatti et al., 1983; Shankar et al., 1987; Nath et al., 1989) . From studies on the distribution of sediment type on the Oman continental margin (Shimmield et al., 1989; Sirocko and Sarnthein, 1989) we consider that Al may be used as an exclusive indicator of clay detritus of continental terrigenous origin.
Preliminary results (Shipboard Scientific Party, 1989a, b) and Debrebant (this volume) indicate that illite and chlorite (and kaolinite?) with minor amounts of palygorskite form the dominant clay mineralogy. Kolla et al. (1981) have shown that palygorskite and illite are rather ubiquitous in the northwest Arabian Sea being deposited via eolian transport, the former originating in soils of the Arabian Peninsula and Somalia. From the preliminary principal component analysis we note the close association of Fe, K, Rb, Th, Zr, V, Ti, and Cr with Al. This composition of the aluminosilicate detritus, but also suggest how this composition may have varied with time (see discussion below). The Fe, K, Rb, and Th content of the terrigenous component is rather constant over the depth sampled (Figs. 5 and 6) being strongly controlled by the illite/chlorite mineralogy (Boyle, 1983; Shankar et al., 1987) . This agrees well with the rather uniform K and Th results and interpretation obtained by the downhole logging of Unit I (Shipboard Scientific Party, 1989a, b) . The Zr/Al profile indicates strong spikes corresponding to similar excursions in the Ti/Al and Cr/Al profiles. We interpret these as concentrations of heavy minerals (see below). V/Al displays a depth profile in Hole 722B that suggests elevated V content within interglacial stages (particularly 1,5, and 7). While, there is a first-order association with aluminosilicate detritus, V may well be concentrated in the sediment during periods of high organic matter flux via redox processes (Bonatti et al., 1971 ; Thomson et al., 1987) . We address this point further below. However, the detailed variation in Ti/Al and Cr/Al bears close examination. It is clear from Figure 5 that both elements in the aluminosilicate detritus covary to a high degree (Cr:Ti correlation of 0.931) and that a high frequency oscillation is present. This downcore variation is not related to glacial/interglacial cycles in a simple way (glacial stages are shaded in Fig. 5 ). By the use of fast Fourier transform (FFT) spectral analysis (see Weedon and Shimmield, this volume, for details) we have resolved the major oscillation component into a 25 k.y. cycle for both Ti/Al and Cr/Al in Hole 722B (using the age model of Prell et al., this volume) shown in Figure 7 . Ti/Al also responds to minor 100 k.y. and 41 k.y. forcing. However, the dominant periodicity at the precession band suggests that an important influence on Ti/ Al and Cr/Al variation is the Southwest Monsoon by analogy with other proxy-indicators that have been shown to display similar forcing (Prell and Kutzbach, 1987) . To evaluate more fully the signal contained in the Ti and Cr ratios, we must assess their geochemical pathway. Ti is known to be preferentially concentrated in coarser sediment fractions (Spears and Kanaris-Sotiriou, 1976; Schmitz, 1987) due to its incorporation into heavy minerals such as ilmenite, rutile, tita- nomagnetite, and augite. Cr is an important minor element constituent of the ultrabasic rocks making up the serpentinites of the Oman ophiolite on the Arabian Peninsula and nearby Masirah Island (Moseley and Abbotts, 1979) . It is proposed that the variation in ratio observed downcore may result from changes in wind intensity (and possible small changes in direction) affecting the aerodynamics of the heavy mineral transport. This situation is most likely at Site 722 on the crest of the Owen Ridge where downslope sediment transport and variations in fluvial runoff are much less likely. Boyle (1983) Figure 5 . Element-to-Al weight ratios comprising the aluminosilicate detritus factor with depth in Hole 722B. All ratios except Fe/AI are × 10 ~4. Figure 6 . Element-to-Al weight ratios comprising the aluminosilicate detritus factor with depth in Hole 724C.
The Biogenic Component
The calcareous biogenic component at Sites 722 and 724 can be identified by both the total Ca and Sr XRF analysis. We have calculated the CaCO 3 content of the sediment samples by subtracting an aluminosilicate Ca component (in proportion to the amount of Al present) and converting the excess Ca to CaCO 3 . Thus,
where Ca/Al clay is taken as 0.345 (Turekian and Wedepohl, 1961) . This method is in error at very low CaCO 3 contents due to uncertainties in the aluminosilicate ratio, but is unrivalled in precision at the 50%-80% CaCO 3 level found at these two sites. However, the method cannot distinguish between CaCO 3 of insitu marine biogenic origin and detrital CaCO 3 from the Arabian Peninsula. Examination of the downcore record of CaCO 3 in Holes 722B and 724C (Fig. 8 ) reveals that the highest mean CaCO 3 content is found at the ridge site, and that interglacial periods generally have higher concentration levels. It is tempting to conclude that carbonate productivity variations are responsible and that interglacial periods were therefore more productive, but consideration of sediment mass accumulation rate (MAR) is important here. the CaCO 3 and terrigenous (1 -CaCO 3 ) content, indicating that the terrigenous component dominates the overall MAR and therefore dilutes the CaCO 3 signal antithetically. Higher MAR's occur during glacial possibly as a result of changes in sea level and/or aridity and runoff. In order to identify changes in ocean productivity, through mechanisms such as upwelling, we require a geochemical indicator which would preserve this signal despite dilution by terrigenous material and variation in CaCO 3 dissolution on the seafloor, and preferably with a large dynamic range (see below). Sr is very closely correlated with Ca (SπCa = 0.947, Table 1 ) in Hole 722B. This is unsurprising as seawater Sr is known to be incorporated into the tests of marine organisms during growth (Table 3) . However, the Sr/Ca ratio on the Owen Ridge ( Fig. 9 ) is somewhat higher that has previously been reported and displays an interesting history. Figure 9 displays the close, but damped or modulated, trend of Sr/Ca in comparison with the δ 18 θ curve. Elevated Sr contents reflect a more negative (heavier) δ 18 θ signal in the planktonic foraminifer {Globigerinoides sacculifef) corresponding to interglacial stages. Perhaps the Sr content of the biogenic CaCO 3 is reflecting a temperature or species or vital effect control. We do not believe diagenetic overprinting (Baker et al., 1982) is responsible due to the shallow depth of this core. In addition, marine barite is known to contain Sr (0.2-3.4 mol<Vo; Church, 1979) , but the Ba record in Hole 722B ( The content and distribution of Si in these late Pleistocene sediments may be attributed to both detrital terrigenous clays and quartz, and to biogenic opal. Figure 10 displays the depth profiles at Sites 722 and 724. It is immediately apparent that there are two important differences between the sites. At Site 722 the depth profile appears to have a constant Si/Al ratio of 3.8 with occasional major increases (shale has a ratio of 3.4; Turekian and Wedepohl, 1961) . At Site 724, however, the overall Si/Al is rather higher (about 5.0) but is variable without such a well defined baseline. However, both sites display high Si/Al ratios in the Holocene section (Stage 1). Labracherie et al. (1983) studied the stratigraphic distribution of diatoms over the last 25 k.y. and has shown that opal productivity was (and is) higher in the Holocene. At Site 722, comparison of the Si/Al record with Si/AI Si/AI unpublished opal data (determined by wet chemistry) from the site survey core (RC27-61; D. Murray, pers. comm., 1989) suggests that the spikes are indeed due to higher contents of biogenic opal. If this record reflects a constant clay and quartz input, with additions of biogenic opal, then the periodicity of the record (see Weedon and Shimmield, this volume) at 56 k.y. and 25/19 k.y. reflects both precession and an unknown forcing component. The 56 k.y. periodicity has also been observed in SiO 2 records from this leg (S. Clemens, pers. comm., 1989) but remains unexplained. At Site 724 the much higher Si/AI ratio, and the core location on the continental slope, suggests that quartz may be rather more dominant. This is confirmed by smear slide analysis (Shipboard Scientific Party, 1989a, b) which indicates about 10% quartz in Unit I of Hole 724C, and only trace amounts in Hole 722B. Interestingly, the Si/AI profile in Site 724 is antithetically correlated with volume magnetic susceptibility (Shipboard Scientific Party, 1989a, b) suggesting that quartz dilutes the susceptibility record.
Organic Matter (Productivity) Factor
As we have seen above, both CaCO 3 and Si are unreliable indicators of the paleoceanographic record of productivity variation in the Arabian Sea. However, one element, Ba, is concentrated by marine organisms and may resist remineralization ("dissolution residue," Dymond, 1981 ) providing a tracer of paleoproductivity. Since the work of Revelle et al. (1955) many authors have commented on the association of Ba, opal, and biogenic sedimentation. Despite the association of Ba-enriched sediments and regions of upwelling or enhanced productivity, no causal relationship has been definitely established (see review in Schmitz, 1987) . Recent studies have suggested that Ba may be in heavy mineral granules functioning as statoliths (Fenchel and Finlay, 1984) within protozoans such as Xenophyophoria and Loxodes (Finlay et al., 1983) . Very recently, Ba has been the subject of study in marine particles from the Gulf Stream (Bishop, 1988) and within the calcareous tests of benthic foraminifers and corals . Within the Indian Ocean the recent study of Schmitz (1987) has illustrated the use of Ba as a tracer of plate movement beneath the equatorial upwelling zone on a time scale of millions of years. To our knowledge there is no high-resolution record of Ba from an upwelling area influenced by climate change over a time scale of thousands of years. Figure 11 illustrates the variation with depth of Ba/Al at Site 722B on the Owen Ridge. The record is striking for two reasons:
(1) the Ba/Al has the largest dynamic range of any chemical variable measured here, and (2) the profile bears an almost perfect correlation with the δ 18 θ stratigraphy. Clearly, elevated Ba contents are found during interglacial stages and must therefore reflect periods of enhanced productivity. (This conclusion holds even when considered in terms of flux, given the higher MAR of glacial periods. This is the advantage of having a tracer with so large a dynamic range.) In Figure 12 a periodogram of Ba/Al displays the strong 100 k.y. cycle that is apparent in the depth profile. As well as eccentricity cycle, both tilt (42 k.y.) and precession (23/16 k.y.) are in evidence, again confirming the similarity of the Ba profile to the δ 18 θ record. The phasing of this record is discussed further in Weedon and Shimmield (this volume) .
From wind strength indicators (e.g., Ti/Al) we believe that the monsoon responds to forcing in the precession band. As upwelling is linked through Ekman transport to wind stress, it is expected that Ba, as a productivity indicator, should also display similar precessional forcing. The fact that longer cycle ("global") forcing is also very evident suggests that nutrient supply to the northwest Arabian Sea may be important. In this context, recent models on deep and intermediate water ventilation or stagnation are pertinent (Keir, 1988; Duplessy et al., 1988) as shown by Cd/Ca tracers in benthic foraminifers (Boyle, 1986) . Recent work by Boyle (1988) and Boyle and Keigwin (1987) has shown that intermediate waters in the North Atlantic became nutrient depleted together with reduced North Atlantic Deep Water Flux during the last glacial episode. As the predominant source of nutrients in this area is through upwelling of intermediate waters, changes in the nutrient profile of open ocean waters during glacial time may account for the weaker glacial productivity identified from the Ba/Al signal. Further paleoceanographic studies should concentrate on establishing the nutrient levels of Indian ocean intermediate waters.
In addition to Ba as a direct indicator of changing productivity, the associated organic matter detritus will also affect the sediment geochemistry, either through direct metal complexing or through redox chemistry. Recently, studies by Thomson et al. (1987) have shown the importance of progressive redox fronts in preserving minor metal profiles in non-steady state conditions. Finney et al. (1988) have argued for productivity-induced redox variations in controlling transition metal distributions in sediments from the eastern equatorial Pacific. In Figure 11 , U and Cu are both enriched relative to aluminosilicate levels at depths corresponding to higher productivity periods (defined by Ba/ Al). As these two metals (and V) are often associated with more reducing conditions brought about by higher organic matter fluxes (or expansion of the OMZ to intersect the ridge crest) this observation is consistent. The weaker association of Ni/AI and Zn/Al is possibly incurred as particulate organic matter is known to be an effective scavenger of transition metals. The importance of subsurface redox fronts and accumulation rate fluxes is discussed further in Shimmield and Mowbray (this volume) . Sediment trap studies in the Sargasso Sea (Jickells et al., 1984) have demonstrated the very close association of Cu, Ni, V, and Zn (also Fe, Mn, P, and Pb) fluxes with total organic carbon flux. They attribute the close association to seasonality driven by changes in primary productivity in the overlying surface waters. Particulate forms of the elements are rapidly consolidated and sedimented with the organic matter.
Phosphatic Factor
The occurrence of phosphatic material accumulating in sediments underlying upwelling zones has been long recognized (Burnett, 1977; and others) . This material may be diagenetic in origin, or of biogenic skeletal (fish teeth and bones) nature. Both phases are known to concentrate the rare earth elements. In Figure 3 the clear association of P with Ce, Y, and Nd may be seen. Similar statistical analysis by Li (1982) also recognized the existence of phosphate minerals and REE's in sediments. At Site 722 the phosphatic sediments (identified by the P/Al ratio) are more common during interglacial stages ( Fig. 13 ) with an average P/Al ratio of 0.025 in the upper 16 m. We may attribute this distribution to the effect of elevated interglacial productivity, as identified by the tracers described above. However, at Site 724 a rather different distribution is recorded (Fig. 13) . Here the baseline P/Al ratio is roughly the same (0.02-0.03) but highly enriched phosphate horizons (reaching a maximum P/Al of -0.4) are recorded. These enriched horizons also occur within P/AI P/AI interglacial sediments suggesting their origin is also linked to high productivity episodes. The phase containing the phosphate is unknown, but phosphate nodules at a depth of about 44 m were recorded by the Shipboard Scientific Party (1989b) in Hole 724A.
CONCLUSION
The results presented here together with their interpretation suggest that the Oman margin has experienced major changes in productivity and upwelling history during the late Pleistocene. Through the use of high-resolution inorganic geochemistry, together with a unique sedimentary record provided by hydraulic piston coring, we have been able to define the pattern of these climate changes.
The Southwest Monsoon (and associated northwest windsthe Shamal; Sirocko and Sarnthein, 1989) appears to be responsible for the bulk of the eolian dust input to the northwest Arabian Sea. This dust input may be clearly identified by the Ti/Al and Cr/Al record, and occurs with a frequency that suggests forcing by orbital precession. This result is in agreement with other proxy-indicators that have been shown to display similar forcing (Prell and Kutzbach, 1987) .
The record of biogenic productivity is more involved, responding to both local upwelling intensity and changes in the global ocean/climate system. The record of bulk biogenic carbonate is strongly influenced by, and inversely correlated with, terrigenous aluminosilicate detritus. Some biogenic silica occurs at Site 722. Using time series analysis, the opal distribution curves reflect both precession and an unknown forcing component at 56 k.y. The dominant contribution to the total Si measured in these sediments is from clay and quartz. The question of why an upwelling area that at the present day supports high opal productivity (diatoms), but fails to record changes in this opal productivity within the sediments, requires further study.
In this study Ba has proved to be an excellent indicator of changes in productivity with time. The record closely follows the δ 18 θ signal recorded in planktonic foraminifers, suggesting that not only local upwelling, but ocean-wide changes in nutrient supply, may influence the biological community. Responding to these changes in productivity is the flux of biological detritus (fecal material, tissue, skeletons) to the sediments, which drive redox variations in the sediment, and/or changes in the intensity and depth of the oxygen minimum zone. This is recorded in the geochemistry of Cu, Ni, Zn, V, and U, all of which identify interglacial episodes as being more productive.
The detritus of biogenic material promotes active phosphogenesis within the sediments. Both diagenetic enrichment of phosphate and the accumulation of phosphatic skeletal hard parts occurs within the sediments of the Oman Margin and Owen Ridge. Their distribution also reflects the higher productivity of interglacial episodes. This observation that temporal trends in productivity in the northwest Arabian Sea are out of phase with those in the Panama Basin and off northwest Africa, where higher productivity occurs during glacial episodes, will require an answer from integrated studies of ocean productivity and upwelling through time.
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